In this study we investigated i) the roles of different C-flux components in regulating soil CO 2 13 exchanges (F S ) in a dryland ecosystem of high plant-interspace heterogeneity, and ii) plant-interspace 14 differences in the C flux components. A process-based approach was used to model the diurnal and 15 seasonal dynamics of F S , which considered simultaneously the CO 2 production, transport and surface 16 exchanges (e.g. biocrust photosynthesis, respiration and photodegradation). The model was 17 parameterized and validated with multivariate data measured during year 2013-2014 in a semiarid 18 shrubland ecosystem in Yanchi, northwestern China. The model explained reasonably well the F S 19 dynamics measured from a non-crusted and two lichen-crusted plots during a two-year period. The 20 model simulation showed that, soil rewetting could enhance CO 2 dissolution and delay the emission 21 of CO 2 produced from root-zone. In addition, an ineligible fraction of respired CO 2 might be removed 22 from soil volumes under respiration chambers by lateral water flow and root uptake. During rewetting, 23 the lichen-crusted soil could shift temporally from net CO 2 source to sink, due to the photosynthesis 24 of lichens and restricted CO 2 emissions from subsoil. The presence of plant cover could decrease the 25 root-zone CO 2 production and biocrust C sequestration, but increase the temperature sensitivities of 26 these fluxes. On the other hand, the sensitivities of root-zone emissions to water content were 27 decreased by canopy, which may be due to the advection of water flows from the interspace. To 28 conclude, the complexity and plant-interspace heterogeneities of soil C processes should be carefully 29 considered to extrapolate findings from chamber to ecosystem scales, and to predict the ecosystem 30 responses to climate change and extreme climatic events. Our model can serve as a useful tool to 31 simulate the soil CO 2 efflux dynamics in dryland ecosystems. 32 33 2 Keyword: ecosystem modelling; heterogeneity; inorganic carbon; semiarid shrub ecosystem; biocrust 34 35
from soil volumes under respiration chambers by lateral water flow and root uptake. During rewetting, 23 the lichen-crusted soil could shift temporally from net CO 2 source to sink, due to the photosynthesis 24 of lichens and restricted CO 2 emissions from subsoil. The presence of plant cover could decrease the 25 root-zone CO 2 production and biocrust C sequestration, but increase the temperature sensitivities of 26 these fluxes. On the other hand, the sensitivities of root-zone emissions to water content were 27 decreased by canopy, which may be due to the advection of water flows from the interspace. To 28 conclude, the complexity and plant-interspace heterogeneities of soil C processes should be carefully 29 considered to extrapolate findings from chamber to ecosystem scales, and to predict the ecosystem 30 responses to climate change and extreme climatic events. Our model can serve as a useful tool to 31 simulate the soil CO 2 efflux dynamics in dryland ecosystems. 32 Keyword: ecosystem modelling; heterogeneity; inorganic carbon; semiarid shrub ecosystem; biocrust 34
Introduction 36
The CO 2 exchange between soil and atmosphere constitutes a major C loss from terrestrial 37 ecosystems (Raich et Although many empirical studies have explained the dynamics of soil CO 2 flux in specified space-49 time, their lack of mechanistic descriptions represents a major difficulty in extrapolation under 50 changing environmental conditions (Fan et al., 2015) . Soil CO 2 flux is a "bulk" exchange that 51 comprises two main sets of processes, i.e. the CO 2 production and transport (Fang and Moncrieff, 52 water potential and gas concentrations. The mineralization, uptake and transport of soil C and N are 140 further regulated by water-energy conditions. 141 Fig. 2 shows the framework of key processes and variables included in the F S modelling. The 142 model includes a set of sub-models, which describe: (i) CO 2 dissolution, transport and efflux; (ii) 143
Autotrophic and heterotrophic CO 2 production in the soil profile; (iii) CO 2 uptake and emission by 144 biocrust; (iv) Surface energy balance and soil temperature profile; and (v) Soil hydrology and water 145 balance. These sub-models are linked by multiple feedbacks to represent the coupling of C, water, 146 vapor and energy transportations in the ecosystem. Sub-models (iv) -(v) have been developed and 147 described in details in our previous work ), which focused on (i) introducing the 148 plant-interspace heterogeneity into water-energy modelling, and (ii) investigating the influences of 149 such heterogeneity on the ecosystem water-energy budgets for a dryland ecosystem. Gong et al. (2016) 150 also validated the model in regard to the diurnal to seasonal dynamics of radiation balance, surface 151 energy balance, soil temperature and moisture content in the footprint area of a eddy-covariance (EC) 152 site (details of measurement see Jia et al., 2014) . In this work, we therefore focused on the 153 development of sub-models (i) -(iii) and their parameterization and validation by F S measurements, 154 based on automatic respiration chambers from crust-covered and non-crusted soils. Based on the 155 validated model, we also analyzed the model sensitivities to stand parameters and plant-interspace 156 heterogenity and investigated the relative contribution of different flux components to F S . 157 158
Modelling approaches 159

Submodel (i): CO 2 transport, dissolution and efflux 160
For soil fraction x (see Fig. 1f for RLU settings), CO 2 exchange (F S , upward positive) was the sum 161 of CO 2 exchange by biocrust (F Ct ), photodegradation (F P ) and the emission from soil under the 162 biocrust layer (F T ): 163
where F Ct is the net balance between biocrust photosynthesis (P Ct ) and respiration (R Ct ), and F Ct = P Ct 165 -R Ct (see Section 2.2.3). F T was modelled based on the mass-balance functions developed by Fang 166 and Moncrieff (1999), and combined major transport processes in both gaseous and liquid phases. To 167 account for the plant-interspace heterogeneity, we expanded the original one-dimensional function to 168 the two-dimensional space. For soil layer (x, i) and time step t, the CO 2 concentration and C flows 169 were calculated as follows: 170
where superscripts v and h denote the vertical and horizontal directions, respectively (see also in Gong 172 et al., 2016); C is the total CO 2 content; F dg and F dw are the CO 2 flows due to diffusion/dispersion via 173 the gaseous and liquid phases; F ag and F aw are the flows in gaseous and liquid phases due to gas 174 convection and water movement, and S is the net CO 2 sink of the layer. The calculation schemes of 175 F dg , F dw , F ag and F aw have been described in detail by Fang and Moncrieff (1999 For soil layer (x, i), S x,i (Eq. 2) was calculated as the sum of autothrophic and heterotrophic CO2 198 production, and the dissolved CO 2 removed with the water uptaken by roots: 199
where E is the transpirative uptake of water ; Rs is the CO 2 production by 201 heterotrophic SOM decomposition; Ra is the autotrophic respiration of the rhizosphere, which 202 comprises maintenance respiration (Rm) and growth respiration (Rg): 203
To simulate Rs, we simplified the pool-type model of Gong et al (2013 Gong et al ( , 2014 reparameterized with respect to the site-specific conditions of plants and soil (see section 2.4.3). The 218 CO 2 production from mineralization was further regulated by the N-starvation of microbes following 219
Smith et al. (2010): 220 (12) 221
where r E is the gas production rate (r E [0, 1]), and (1-r E ) is the proportion of organic matters passed 222 to the downstream SOM pools. The evolution of each SOM pool was calculated as below: 223
= (13) 224
where A is the SOM input rate (A=0 for M mic and M hum ); superscript r-1 denotes the source SOM pools. 225 Rm x,i was calculated in a similar way to Rs x,i (e.g. Chen et al., 1999; Fang and Moncrieff,1999) . Rg x,i 226 was calculated as a fraction of photosynthetic assimilates, following Chen et al. (1999) : 227
where M R is the root biomass; k R is the specific respiration rate of roots; k g is the fraction of 230 photosynthetic assimilate consumed by growth respiration; fr x,i is the mass fraction of roots in soil 231 layer (x, i). P g is the photosynthesis rate of plants. P g was estimated using a modified Farquahar's leaf 232 biochemical model (see Chen et al., 1999) . This model simulates photosynthesis based on 233 biochemical parameters (i.e., the maximum carboxylation velocity, V max , and maximum rate of 234 electron transport, J max ), foliage temperature (Tc) and stomatal conductance (gs). The values of V max 235 and J max were obtained from in situ measurements from the site (Jia et al., unpublished) . Tc and gs 236 were given in the energy balance sub-model, which was detailed in Gong et al. (2016) . 237 N content bonded in SOM mineralized and was added to soil layers simultaneously with decaying. flows (Gong et al, 2014) and the N uptake by root system. However, the plant growth was not 242 modelled in this work and therefore, N upt was calculated using the steady-state model of Yanai (1994) , 243 based on the transpiration rate, surface area of fine roots and the diffusion of solvents from pore space 244 to root surface: 245
where r o is the fine root diameter; L is the root length, and is the surface area of fine roots; α is 247 the nutrient absorbing power, which denotes the saturation degree of solute uptake system (α ); 248 C o is the concentration of solvents at the root surface, and is a function of bulk concentration of 249 mineral N (N min ), inward radial velocity of water at the root surface ( ) and saturation 250 absorbing power α. Further details for calculations of α and C o can be found in work of Yanai (1994) . On the other hand, the subcrust has little photosynthetic-activity. We here focused 258 mainly on describing the C exchanges in the topcrust, but assumed the C processes in the subcrust 259 were similar to those in the underneath soil. We developed the following functions to describe the C 260 fixation and mass balance in the topcrust, 261
where P Ct is the bulk photosynthesis rate; and R Ct is the bulk respiration rate. P C and R C were further 263 modelled as follows: 264
where α C is the apparent quantum yield, P Cm is the maximal rate of photosynthesis, and was a function 267 of the moisture content (θ Ct ) and temperature (T Ct ) in topcrust; A PAR is the photosynthetically active 268 radiation (PAR); M Ct is the total C in the SOM of topcrust; k cr is the respiration coefficient; f(θ Ct ) and 269 f(T Ct ) are water and temperature multipliers. Here, we assumed no photosynthesis in subcrust. The 270 heterotrophic respiration (R Cs ) was calculated as was done for soil respiration (Eq. (11) where k m is the rate of C transfer (e.g. mortality) from autotrophic pool to heterotrophic pool; k b is the 289 rate of C transfer (e.g. burying) from topcrust to subcrust; F P is the loss of SOM due to 290 C1 and C2 by opaque chambers, whereas by transparent chamber from C3 to include the 315 photosynthesis and photodegradation. Litters from the shrub canopies were cleared from the collars 316 during weekly maintenance. Hourly Ts and θ at 10 cm depth were measured outside each chamber 317 using the 8150-203 soil temperature sensor and ECH2O soil moisture sensor (LI-COR, Nebraska, 318 USA), respectively. Root biomass was sampled near each collar (within 0.5 m) in July 2012, using a 319 soil corer (5 cm in diameter) to a depth of 25 cm. The samples were mixed and sieved sequentially 320 through 1, 0.5 and 0.25 mm meshes, and the living roots were picked by hands. The comparison of the 321 three micro-sites is shown in Table 1 . Methods used in data processing and quality control have been 322 described earlier in details (see Wang et al., 2014a Wang et al., , 2015 . The quality control led to gaps of 10 -13% 323 in the F s dataset. 324 325
Model set-ups 326
Parameterization of vegetation and soil texture 327
The parameterization schemes supporting the simulations of energy balance and soil hydrology in 328 sub-model (i) -(v) have been described previously in detail by Gong et al. (2016) . As the water-329 energy budget is sensitive to vegetation (i.e. canopy size, density and leaf area) and soil hydraulic 330
properties (see Gong et al., 2016) , we hereby revalued these parameters for the F S site. Measurements 331 based on four 5m×5m plots showed that the crown diameter D (86 ± 40 cm) and height H (47± 20 cm) 332 at this site were similar to those measured from the eddy-covariance (EC) footprint by Gong et al. 333 (2016) . However, the shrub density was 50% greater, leading to higher shrub coverage (42%), shorter 334 spacing distance L (40.2 cm) and greater foliage area. On the other hand, the subsoil at the F S site is 335 sandy and much coarser than that at the EC footprint. Therefore, we collected 12 soil cores from 10 336 cm depth, and measured saturated water content (θ sat ), bulk density and residual water content (θ r ) 337 from each sample. Then, the samples were saturated, and covered and drained by gravity. We 338 measured the water content after 2-hour and 24-hour draining, which roughly represented the matrix 339 capillary water content (10 kPa) and field capacity (33 kPa) (Armer, 2011). The shape parameters n 340 and α h (see Eq. (26) in Gong et al. 2016 ) for the water-retention function were estimated from these 341 values (Table 2) . 342 343
Parameterization of soil C and N pools 344
The sizes and quality of soil C pools were parameterized based on a set of previous studies. The 345 total SOC in the root-zone soil (i.e. 60cm depth, bulk density of 1.6 g cm -3 ) was set to 1200 g m where k R0 is the "base" respiration rate (Table 2) ; L l is the green leaf area, which is a function of Julian 369 day ; L max is the maximum L l ; n R is the maximum percentage of variability and is 370 set to 100%. 371 372
Parameterization of soil CO 2 production 373
Based on the empirical study of Wang et al. (2014a) , the steady-state sensitivity of CO 2 production 374 to soil temperature and water content (i.e., , Eq. (11)) can be described as a logistic-power 375 function: 376
where a, b and c are empirical parameters. This function represents the long-term water-thermal 378 sensitivity of CO 2 production over the growing seasonal, yielding an apparent temperature sensitivity 379 Q 10 of 1.5 for the emitted CO 2 (Wang et al. 2014a ). However, this could underestimate the short-term 380 sensitivities of CO 2 production. The apparent Q 10 could be much greater at the diurnal level than at the 381 seasonal level (Wang et al., 2014a) . In this work, we firstly calculated the "base" sensitivity using the 382 long-term scheme (Eq. 26) with 1-day moving average of water-thermal conditions. Then the 383 deviation of hourly sensitivity from "base" condition was adjusted by the short-term Q 10 : 384
where Ts short and θ short are the 1-day moving averages of Ts and θ, respectively; Q 10 (Ts) and Q 10 (θ) 389 are the adjustment functions for short-term apparent Q 10 , regarding the short-term Ts and θ. 390
Further non-linearity of soil respiration responses refers to the rain-pulse effect (or the "Birch 391 were divided into two groups to measure the net primary productivity (NPP) and dark respiration (Rd) 409 separately. Gas exchanges and light response curve for each crust sample were measured using LI-410 6400 infrared gas analyzer equipped with an LI-6400-17 chamber and an LI-6400-18 light source (LI-411 COR, Lincoln, NE, USA). Measurements were taken at ambient CO 2 values of 385 ± 35 ppm. 412
Saturated topcrust samples were placed in a round tray and moved to the chamber. where Q Ct , a RC , b RC , c RC are the fitted shape parameters (Table 2) . 419
The parameterized Eq. (19) was then used to simulate the Rd for the NPP samples, based on the 420 correspondent T Ct and θ Ct of each measurement. P Cm was determined by subtracting the simulated 421 respiration rate from the NPP measured under light-saturated conditions. Then P Cm was fitted to T Ct 422 and θ Ct in Matlab ® (2012a) curve-fitting tool using following equation (Fig. 3b) where Zs x,1 is the thickness of the biocrust; and Z Ct is the thickness of the topcrust. θ x was calculated 434 from the surface humidity and the water retention of the crust layer, using Eq. (25) 
Calculation of litter input to soil and SOC transport in biocrust 438
The litterfall added to each soil layer ( , Eq. (13)) were linked to the mortality of roots, which 439 was calculated following Asaeda and Karunaratne (2000) . 440
where k mo is the optimal mortality rate at 20ºC; Q mo is the temperature sensitivity parameter (Asaeda 442 and Karunaratne, 2000). Similarly, we attributed the C transport rate (A Cm ) from M CA to M CH mainly to 443 the mortality of autotrophic organisms. We assumed that most mortality of crust organisms occurred 444 during abrupt changes in wetness, as microbial communities may adapt slow moisture changes or 445 
Simulation set-ups 461
In the model simulations, soil depth was set to 67.5 cm to cover the rooting zone (Gong et , 2016) . Zero-flow condition was set for the lower boundary of CO 2 and O 2 gases, whereas 467 dissolved CO 2 was able to leech with seepage water. Based on presumed similarity of RLU structures, 468
we assumed no-flux conditions for transports of water, heat, solvents and gases at outer boundary. In 469 the simulation, we assumed instant gas transport via topcrust, whereas considered the CO 2 released by 470 subcrust (R Cs ) was subject to the dissolving-transport processes. In this work, we aggregated the C 471 processes in subcrust with those in soil profile. The initial ratio of M CA : M CH was set to 2:3. The C 472 concentration of organic matters was set to 50%. 473
The model run with half-hourly meteorological variables including the incoming shortwave 474 radiation, incoming longwave radiation, PAR, Ta, relative humidity, wind speed and precipitation. was set to 40 mg/g, which was within the range of the field observations. The two-dimensional 480 transpirations of water, energy and gases along the soil profile were solved numerically using the 481 Predict-Evaluate-Correct-Evaluate (PECE) method (Butcher, 2003) . In order to avoid undesired 482 numerical oscillations, the transport of water, energy and gases were calculated at 5-min sub steps. 483 484
Model validation 485
First, we validated the modelling of soil temperature and moisture content for the F S site (Test 0). 486
The simulated hourly soil temperature and moisture content at 10 cm depth were compared to the 487 measured values for each collar. The validation was based on the same meteorological data as used by 488
Gong et al. (2016), who validated the model in regard to the diurnal to seasonal dynamics of radiation 489 balance, surface energy balance, soil temperature and moisture content at the EC site. 490
The validity of the modelled F S was then examined in three separate tests. In Test 1, modelled F S 491 was validated for non-crusted soils. In this case, F T in Eq. (1) was the only term affecting F S (F B =0 492 and F P = 0), and the crust influences on C-water exchanges were excluded. to the total efflux (Table 3 ). The simulation used the same model set-ups and climatic variables as 506
Test 3. It should be noticed that, although the model was built as an abstract for ecosystem-level 507 processes, the simulation set-ups and validation were performed at a point level corresponding to 508 respiration chambers. Therefore, understanding the uncertainty sourced from parameterization could 509 be helpful for future development and applications. In Gong et al. (2016), we have studied the 510 sensitivities of modelled soil temperature and moisture content to the variations in soil texture, water 511 retention properties, vegetation parameters and plant-interspace heterogeneities. In this study, we also 512 tested the sensitivity of F S and componential fluxes to the changes in a number of site-specific 513 parameters (Table 4) . These parameters included pH, nitrogen content, water-thermal conditions, root 514 biomass, production and decomposability of litters, which are often key factors regulating soil C 515 processes but likely to vary within and among ecosystems (see e.g. Ma et al., 2011; Gong et al., 2016; 516
Wang et al., 2016
). Furthermore, we tested the model sensitivities to several newly defined 517 parameters (i.e. n R , n p and f m ), to understand their effects on model uncertainties. F S and componential 518 fluxes at interspace were simulated by varying single parameter value by 10% or 20%. The sensitivity 519 of each tested flux was described by the difference (dF) in the annual flux rate simulated using 520 manipulated parameter, as compared to the rate simulated under no-change conditions. 521 522
Comparing model sensitivities between plant cover and interspace 523
In order to study the effects of plant-interspace heterogeneity on soil CO 2 efflux, Test 5 simulated 524
annual F S and componential fluxes at plant cover and compared the values to interspace. The 525 simulation set-ups were almost same as those employed in Test 1-3; only exception was that same 526 initial values of SOC storages (650 gC m-2) and root biomass (200 g m-2) were used for under-527 canopy and interspace areas for comparison purpose. Based on Test 4, we further compared the plant-528 interspace differences in the C-flux sensitivities to most important site-specific parameters, i.e. soil 529 temperature (Ts), water content (θ) and root biomass (M R ) (see Section 3.2). The differences in 530 parameter sensitivities were calculated by comparing the absolute values of sensitivities (|dF|, see 531 section 2.5.3 and Table 4 ) from the area with plant cover to without (interspace). 532 533
Results 534
Model validity 535
Comparing to the EC site in previous work , the soil in this study is much 536 coarser and the measured θ at 10 cm depth was constantly lower (Fig. 4) , indicating the necessity of 537 re-parameterization and validation of the water-energy algorithms. Figure 4a shows the modelled 538
hourly Ts and θ at 10 cm depth with the mean values measured from the F S site during year 2013. 539
Based on the site-specific vegetation and soil texture parameters, our model explained 97% of the 540 variations in the measured hourly Ts. The model underestimated the temperature mainly in summer 541 time (i.e. day 150-250, Fig. 4a ). The underestimation was more pronounced around the noontime in 542 the diurnal cycle. As the water-content sensors may not accurately capture the moisture dynamics 543 during freezing period, only the simulation during ice-free period were compared to measured data 544 (Fig. 4b) . During the ice-free period, the model explained 83% of the variations in the measured mean 545 water contents at 10 cm depth. The biases in the modelled temperature and moisture content were less 546 than the spatial variations observed in this area (e.g. Wang et al., 2015) . Therefore, our model could 547 be able to reproduce the time series for the measured water-energy fluxes at the site. 548
Our modelling reasonably reproduced the diurnal and seasonal fluctuations of F S . The model 549 explained 87 and 83% of the variations in the hourly F S measured on the non-crusted surface in year 550 2013 and 2014 (Fig. 5a) . The root-mean-square errors (RMSE) were 0.43 umol m -2 s -1 and 0.29 umol 551 m -2 s -1 respectively. The model mainly underestimated the daytime F S during the freezing seasons. 552
During the ice-free periods, the model maily overestimated the efflux in early springs. The biases in 553 modelling largely showed a diurnal pattern (Fig. 5b) , that F S was mainly underestimated in noon 554 hours (i.e. from 10 a.m. to 3 p.m.) but slightly overestimated in the afternoon and evening. At the 555 daily level, our model explained 94% of the variations in measured daily efflux during the two-year 556 period (Fig. 5c) . 557
Compared to the non-crusted soil (C1), the simulated F S for crusted surfaces (C2 and C3) showed 558 greater deviations from measured data. At the hourly scale, our model explained 75 % (year 2013) 559 and 68 % (year 2014) of variations in measured F S from C2 (Fig. 6a) , and 68 % (year 2013) and 61 % 560 (year 2014) of variations in measured F S from C3 (Fig. 6b) . For the two-year period, RMSE of the 561 modelled hourly F S were 0.25 umol m -2 s -1 and 0.35 umol m -2 s -1 for C2 and C3, respectively. The 562 magnitudes of biases () were generally greater during the rainfall period (i.e. from the start of 563 raining to 24 hours after end of rainfall) than the inter-rainfall period (Fig. 7) . The simulated F S for C2 564 showed similar diurnal pattern of biases as compared to C1, suggesting ineligible contributions of 565 biases in the simulated subsoil emissions. Introducing photosynthesis and photodegradation of 566 biocrust to the system (C3) led to greater overestimations in F S , and this was more obvious in the 567 afternoon hours (i.e. from 12 a.m. to 6 p.m.) and during wetting period. Nevertheless, at the daily 568 scale, the model explained 91% (C2, Fig. 5c ) and 86% (C3, Fig. 5d ) of the variations in the measured 569 F S during the two-year period. There were no significant systematic deviations between the measured 570 and the modelled daily values, as indicated by regression slopes close to 1 and intercepts close to 0 571 (Figs. 4 and 5) . 572
The results above showed that, the model well described the seasonal variations of F S for both non-573 crusted and lichen-crusted soils. Moreover, the model was able to capture the strong variability of 574 hourly/daily F S in wetting-drying cycles. Comparing to earlier statistic modelling by Wang et al. 575 (2014a Wang et al. 575 ( , 2014b , this model showed equality or improvement in performance. In this sense, we assume 576 that our model has included the main mechanisms controlling the F S dynamics in the soil system, and 577 could be used for further analysis on componential C processes and their parameter sensitivities. 578 579
Modelled C flux components of F S 580
Test 4 showed that, Rs was the main contributor to the root-zone CO 2 production, which accounted 581 for a major source of effluxes (F S ). Our measurements showed large diurnal and seasonal variations in 582 F S regardless the existence of crust covers (Fig. 5 and Fig. 6 ). Particularly, the F S dynamics depended 583 strongly on rain events. Even at non-crusted soil (i.e. C1), F S dropped significantly from the pre-584 rainfall level even to near-zero, but rebound rapidly and peaked after rain stopped (Fig. 5a ). This 585 could relate to the mismatched trends of CO 2 production (Rs + Ra) and emission (F T ) from the rooting 586 zone with respect to the wetting-drying cycles (Fig. 8a) . Compared to CO 2 production, the responses 587 of F T to rainfall were generally lagged and smoothed (see examples in Fig. 8b -8d) , irrespective of 588 the size of rain events. In the simulation, soil rewetting increased CO 2 production rapidly but 589 depressed F T , which increased after rain ceased. In all the examples (Fig. 8b -8d) , F T exceeded R P 590 within 48 hours after the ending of rain events. At the annual level, the total R P was larger during 591 wetting period (i.e. raining days plus 1 day after rainfall) than the rest days of the year (i.e. drying 592 period), whereas the total F T was greater during the drying period (Fig. 8e) . 593
On the annual basis, CO 2 production (Rs+Ra) and emission (F T ) from root-zone soil were 594 mismatched (Table 3) , and the former was more than 15 % greater than latter. Such a gap was mainly 595 due to the root uptake and transport of dissolved CO 2 (i.e. 36 gC m -2 year -1 ), whereas the loss of 596 dissolved CO 2 via seepages or pore-mediated horizontal flows were limited (i.e. 7.4 gC m -2 year -1
). 597
The photosynthesis rate of topcrust was 31.1 gC m -2 year -1 at interspace. After rainfall, the C uptake 598 by topcrust increased significantly, even turned the soil from net C source to sink during a few hours 599 to one day (Fig. 6, Fig. 8) . However, at annual scale, the C losses via respiration and photodegradation 600 accounted for 90 % of the photosynthetic products, leading to a near-zero contribution of topcrust to 601 F S during the two year period (i.e. < 5 gC m -2 year -1 ). 602
Analysis of parameter sensitivity showed that, the modelled F S and the component fluxes were 603 more sensitive to ± 2 ºC in Ts or ±10 % in θ, compared to the effects of ±10 % or ±20 % in the other 604 parameters (Table 4) . Varying θ by 10 % produced greater impacts on the simulated R P and crust-605 related fluxes (i.e. P Ct , R Ct and F P ), as compared to changing Ts by ± 2 ºC. Increasing θ by 10 % 606 enhanced the simulated P Ct and F Ct by 41 % and 28 %, and doubled the net C sequestration (F Ct -F P ) 607 by topcrust. However, the contribution of such changes to annual F S was minor, and amounted for 608 (Table 4 ). In addition, the model was robust to the adjustment of several crust-613 related parameters, i.e. k mc , M Ct and M CA : M CH . Hence, algorithms correspondent to those parameters 614 could be simplified in future developments. 615 616
Modelled plant-interspace differences in C flux components 617
At either plant-covered or interspace area, Rs was a major contributor to root-zone CO 2 produced 618 and F T dominated the total effluxes (Table 3 ). The C loss at interspace was 14% faster than under-619 canopy on an annual basis, if root biomass and SOC were homogeneous at plant cover and interspace. 620
The lower F S rate at plant cover mainly attribute to the lower CO 2 production (R S +R a ) from subsoil. 621
The C loss via seepage and root transport, which is the gap between subsoil CO 2 production and 622 emission (F T ), was slightly higher under canopy (17%) than at interspace (15%). Comparing to 623 interspace, the photosynthesis of biocrust (P Ct ) was 34% lower under canopy. This reduced the under-624 canopy F Ct by 42% in comparison with interspace. However, such a different was largely offset by the 625 reduced photodegradation rate under canopy, leading to limited differences in net sequestration of 626 topcrust between plant-interspace (i.e. by 1.4 gC m -2 year -1 ). 627
We further compared the flux sensitivities at plant cover and interspace to the changes in three most 628 effective parameters (i.e. Ts, θ and M R , see Table 5 ). For subsoil-mediated fluxes (i.e. F S , F T , R a , R S ), 629 the sensitivity values differed by less than 2 % from plant cover to interspace. On the other hand, the 630 sensitivities of crust-related fluxes (i.e. P Ct , F Ct , F P ) showed greater differences between plant cover 631 and interspace. Comparing to interspace, F S and F T at plant-covered area were more sensitive to Ts 632 changes, but less sensitive to manipulations in θ. On the other hand, the plant cover reduced the 633 sensitivity of CO 2 effluxes to changes in root biomass. P Ct , F Ct and F P were generally more sensitive 634 to warming and θ manipulations at plant cover than interspace, except that plant cover decreased the 635 sensitivity of F P to -10 % changes in θ. Nevertheless, their contribution to the sensitivity of F S was 636 marginal, due to the low flux rates of crusts. 637
Discussions 639
The roles of componential C processes in regulating soil CO 2 efflux 640
Our process-based model provided a useful tool to separate the multiple soil C processes and 641 investigate their roles in regulating F S dynamics in dryland ecosystems. So far, efforts to quantify the 642 soil C loss in terrestrial ecosystems have considered soil C efflux as a synonym of respired CO 2 . 643
However, based on this work, cautions must be taken when extrapolating the F S responses from the 644 chamber to ecosystem scale and from short-term to long-term periods. Processes other than 645 autotrophic and heterotrophic respiration could significantly modify the F S responses to climatic 646 variability. Our simulation highlighted decoupled CO 2 production and emission during the wetting-647 drying cycle, as regulated by the CO 2 transport in soil profile. The simulated CO 2 production in soil 648 profile were much greater than effluxes during rain pulses (e.g. Fig. 7 ). This indicated that, the low F S 649 during rewetting was mainly due to the increase in CO 2 dissolution, instead of the reduced respiration 650 rates by low O 2 supply (e.g. Fang and Moncrieff, 1999 ). This finding is further supported by the 651 measurement of Maier et al. (2011), which showed that 40% of the respired CO 2 could be stored 652 temporally in soil pore-space after rainfalls. The dissolved CO 2 then released gradually with the 653 evaporation of pore water, leading to lagged responses of efflux as compared to respirations. 654
Regarding that a major fraction of CO 2 was produced during the wetting periods (Fig. 5e) , such a 655 lagging effect should be carefully examined when analysing the climatic sensitivity of F S . Our 656 simulations showed that a considerable fraction of CO 2 produced could be removed by root uptake 657 and leave the volume measured by the respiration chamber. Bloemen et al. (2016) showed that the 658 CO 2 concentration in root xylems could be higher than in soil solutions. This implies that such a 659 "missing source" might be even greater than the model estimation, although knowledge is still limited 660 about the efficiency of the removal and the diffusion/release of CO 2 during the transport (Bloemen et 661
al., 2016). 662
The contributions of biocrusts as C sink or source have remained largely unknown (Castillo-663
Monroy et al., 2011)
. This is mainly due to the difficulty to separate the CO 2 exchanges of crust 664 organisms from the background respirations (Castillo-Monroy et al., 2011; Sancho et al., 2016) . As 665 demonstrated in our work (Fig. 5b -5d ), the photosynthesis of topcrust could be masked by 666 background emission quickly (e.g. within 1 day) after rain events. The simulated F Ct was 31 g C m biocrust. It could explain the much higher F S measured from the transparent chamber (C3) than the 673 opaque chamber (C2) during dry daytime periods (e.g. Fig. 9 ). It should be also noticed that the litter 674 from shrub canopy was not included in the measurement nor modelling. Also the interactions between 675 photodegradation and biotic decaying were not considered either. Hence, the contribution of 676 photodegradation to soil C balance could be greater than our estimation at the ecosystem level (see e.g. 677
Gliksman et al., 2016). Although the contribution of surface exchanges were only marginal as 678 compared to the annual CO 2 efflux, removing the biocrust processes would significantly reduce the 679 model validity. For example, the goodness of fitting (i.e. R 2 ) in Test 3 dropped from 0.65 to 0.45 for 680 the two-year period, if F Ct and F P were neglected. Therefore, delineating the gas exchange of biocrust 681 could be helpful, in order to upscale the modelling of C balance from chamber to ecosystem level, 682
where the distribution of crust cover may vary from one site to another. simulations showed that the presence of shrub canopy also influenced the soil C exchanges. The 690 presence of shrub cover affected the C functioning of biocrust mainly through shading, which reduced 691 photosynthesis more than respiration and photodegradation. Comparing to the interspace, simulated 692 annual F S was 13% lower under the canopy (Test 5). As we ruled out the plant-interspace differences 693 in SOC and root biomass and the C-flux differences contributed by biocrusts were limited, such a 694 decrease in plant-cover F S was probably due to the cooling effect of canopy . This 695 effect was close to the modelled responses of F S to ± 2 ºC in soil temperature or ± 10% in soil water 696 content. As the density of roots and litter production are commonly larger under canopy than 697 interspace (e.g. Zhang et al., 2008) , the lower respiration rate under canopy tends to facilitate the 698 accumulation of biomass and organic matters and feedback to functioning of "resource islands" 699 during prolonged periods. 700
Our simulation further indicated considerable differences in the C-flux sensitivities between areas 701 with plant cover and without. As the C processes and initial conditions were set to be homogeneous, 702 those differences could mainly result from the different water-thermal conditions at plant cover and 703 interspace. For example, the higher temperature sensitivities of F T , F S and F Ct may relate to the 704 cooling effect of canopy (see Gong et al., 2016) , which may lead to a greater Q10 value for respiration 705 estimations (i.e. eq. (27)). Moreover, the slower decomposition in under-canopy soil could also lead to 706 the lower sensitivities of F T and F S to changes in root biomass and SOM contents. On the other hand, 707 water advection from interspace to plant cover, which may support over 30% of water loss from 708 under-canopy soils , could help to lower the F S sensitivity to water content changes 709 at plant cover. The increased water-thermal sensitivities of C exchanges of biocrust could be 710 explained by the less-stressful environment for curst organisms, e.g. higher moisture content but 711 lower radiation and temperature, although the photosynthesis of lichens (P Ct ) could be reduced by 712 shading (Table 3) . Such heterogeneity of C-flux sensitivities thus should be considered in future 713 studies on the ecosystem-level responses to climate change and extreme climatic events. 714 715
Modelling uncertainties and future research needs 716
Our model showed its ability to describe the dynamics of soil temperature, moisture content and C 717 effluxes measured for the studied semiarid ecosystem. The uncertainties in the modelling, however, 718 may exist in several aspects. Firstly, the representative land unit (RLU) was a statistical simplification 719 to the target ecosystem at footprint scale , and may not fully capture the spatially 720 explicitly of soil environment and biogeochemistry at ecosystem scale. For example, the model 721 assumed Poisson probability of mutual shading (Bégué et al., 1994) , and the probability of shading 722 increased continuously with solar zenith . However, for explicit space-time, 723
shading is binary. This possibly explains the biases in the estimated net radiation ) 724 and collar temperature around midday, which sequentially affected the simulated F S (see Fig. 3b ). exchanges by solids may underestimate F S during the heating phase of a day, but overestimate F S 738 during the cooling phase. This is very similar to the diurnal pattern of biases in our modelling (Fig.  739   3d) . Therefore, further improvement on the modelling may need to consider the solid phase as well. (Fig. 3, Fig. 4) . Therefore, the dynamics of plants and microbial communities are required in 752 future modelling, in order to improve the F S simulations regarding inter-annual and long-term periods. 753
In addition, proper field data are still needed to support the future modelling work. The dataset used 754 in our model validation mainly separated the influences of biocrusts from subsoil respirations. 755
However, some processes like photodegradation and lateral CO 2 transport by root or water flows still 756 require more support from observation. Also, respiration data from shrub-covered soil remains 757 unavailable, as the settlement of soil collars and respiration chambers under canopy could easily 758 interrupt the biophysiology of shrubs. The C functioning of crust organisms is especially sensitive to 759 water content (Table 4) on these mechanisms will be helpful to improve the modelling of crust C functioning in response to 773 climate change and extreme climatic events. 774
Conclusions 777
This work represents a first attempt to integrate the CO 2 production, transport and surface 778 exchanges (e.g. biocrust photosynthesis, respiration and photodegradation) in F S modelling for 779 dryland ecosystems with high plant-interspace heterogeneities. Our model simulated reasonably well 780 the F S dynamics measured from non-crusted and lichen-crusted soil collars during year 2013-2014, 781 although introducing the gas exchanges of lichen crust decreased the model performance at the hourly 782 scale. However, further model development may still be required on several aspects, e.g. by including: 783 i) the spatial-explicit schemes for surface conditions and soil biogeochemistry; ii) influences of lime 784 and solids on CO 2 transport; iii) growth dynamics of plants; iv) high-resolution dynamics of surface 785 water-thermal conditions and v) the dynamics of microstructure and microbial communities of 786
biocrusts. 787
Our model simulations highlighted that, the transport processes of inorganic C and the metabolisms 788 of biocrusts could strongly modify the CO 2 efflux, and these influences are closely linked to soil 789 hydrology. Soil rewetting could enhance CO 2 dissolution and delay the emission of CO 2 produced 790 from root-zone. In addition, an ineligible fraction of respired CO 2 could be removed via lateral flows 791 and root uptake, and become "missing" from volumes under respiration chambers. The lichen-crusted 792 soil could temporally shift from net CO 2 source to sink during rewetting, as driven by the 793 photosynthesis of lichens and the restrained CO 2 emissions from subsoil. Whereas after rain events, 794 the CO 2 exchanges of lichens could be easily masked by background emissions from subsoil. Based 795 on our modelling, the annual NPP was 9.3 gC m -2 by topcrust at interspace. However, the net C 796 sequestration by topcrust could be marginal, if the photodegradation is accounted. Our modelling 797 further showed different componential C fluxes and sensitivities between plant-covered soil and 798 interspace. The presence of plant cover tended to decrease the root-zone CO 2 production and biocrust 799 C sequestration, but increase the temperature sensitivities of these fluxes. On the other hand, the 800 sensitivities of root-zone emissions to water content was decreased by canopy. This may be due to the 801 advection water flows from the interspace. To conclude, the complexity and plant-interspace 802
heterogeneities of soil C processes should be carefully considered to extrapolate findings from 803 chamber to ecosystem scales, and to predict the ecosystem responses to climate change and extreme 804 climatic events. Our model can serve as a useful tool to simulate the soil CO 2 efflux dynamics in 805 dryland ecosystems. Beijing Forestry University. The modelling work of EXTREME project was supported by the 813 Academy of Finland (proj. no. 14921) and the University of Eastern Finland. Thanks to Peng Liu, 814 
